Epidermal growth factor receptor (EGFR) plays a crucial role in human nonsmall cell lung cancer (NSCLC) tumorigenesis. In this study, oxymatrine was identified as an EGFR signaling pathway inhibitor in NSCLC. Oxymatrine inhibited anchorage-dependent and independent growth of NSCLC cell lines but had no cytotoxicity in normal lung cells. We found that exposure to oxymatrine not only suppressed the activity of wild-type EGFR but also inhibited the activation of exon 19 deletion and L858R/T790M mutated EGFR. Flow cytometry analysis suggested that oxymatrine-induced cell cycle G0/G1 arrest was dependent on EGFR-Akt signaling. Exogenous overexpression of Myr-Akt rescued cyclin D1 expression in HCC827 cells. Moreover, oxymatrine prominently suppressed tumor growth in a xenograft mouse model. Thus, oxymatrine appears to be a novel therapeutic agent for NSCLC treatment.
Introduction
Non-small cell lung cancer (NSCLC) is one of the most lethal cancers worldwide for both men and women [1] . Although the early diagnosis was improved and the standard treatment was developed during the past few decades, NSCLC is often diagnosed at an advanced stage, and the overall 5-year survival rate remains less than 15% [2] [3] [4] . Numerous evidence revealed that host genetic susceptibility is closely linked to increased NSCLC risk [5] . Overexpressed or hyperactivated of epidermal growth factor receptor (EGFR) is always detected in NSCLC. Recently, The EGFR targeting therapy has played a central role in advanced NSCLC treatment. Novel targeted therapeutic agents, including tyrosine kinase inhibitors (TKIs), such as gefitinib, erlotinib, and osimertinib, or monoclonal antibody cetuximab, have been developed to interfere with EGFR signaling, and show promise in the treatment of advanced NSCLC [6] [7] [8] [9] [10] .
ORIGINAL RESEARCH
Oxymatrine inhibits non-small cell lung cancer via suppression of EGFR signaling pathway Oxymatrine, one of the major alkaloid components found in the roots of Sophora species, have various pharmacological activities and are demonstrated to have antiinflammatory, antiallergic, antivirus, antifibrotic, and cardiovascular protective effects [11] . Recent studies have demonstrated that oxymatrine has anticancer potentials in various human cancer cell lines, including breast cancer [12] , gastric cancer [13] , bladder cancer [14] , hepatocellular carcinoma [15] , colon cancer [16] , ovarian cancer [17] , and prostate cancer [18] . The molecular mechanism studies have demonstrated that induction of cell cycle arrest [19] , promotion of apoptosis [14] , inhibition of angiogenesis [20] and suppression of metastasis [17] were involved in oxymatrine-mediated antitumor effect. Nonetheless, the antitumor activity of oxymatrine in NSCLC, as well as its potential target was not clear.
In this study, the efficacy of oxymatrine against NSCLC was evaluated in vitro and in vivo. We discovered firstly that oxymatrine inhibited the activation of both wild-type and mutant EGFR. Our data revealed that oxymatrineinduced cell cycle arrest was mainly dependent on the suppression effect of EGFR-Akt-cyclin D1 signaling pathway.
Materials and Methods

Reagents and antibodies
Chemicals, including NaCl, Tris, SDS, and oxymatrine (>98%) were purchased from Sigma (St. Louis, MO). LY294002, PD98059, and Erlotinib were purchased from Selleck Chemicals (Houston, TX). The RPMI-1640 and fetal bovine serum (FBS) for cell culture were from Invitrogen (Grand Island, NY). Antibodies against p-EGFR (Tyr1068), EGFR, p-ERK1/2 (Thr202/Tyr204), p-Akt (Ser473), Akt1, Akt, ERK1/2, cyclin D1, cyclin A, cyclin E, CDK4, p21, CDK2, and p27 were obtained from Cell Signaling Technology, Inc. (Beverly, MA). Antibody against β-actin was from Sigma. Anti-Ki67 was from Abcam (Cambridge, MA).
Cell culture and transfection
Cells, including A549, H1975, HCC827, HBE, MRC5, and NL20 from American Type Culture Collection (ATCC, Manassas, VA) were cultured at 37°C in a humidified incubator with 5% CO 2 . A549, H1975, and HCC827 were cultured in RPMI-1640 medium supplemented with 1% antibiotics and 10% FBS. The MRC5 lung fibroblast cell was cultured in Eagle's Minimum Essential Medium supplemented with 1% antibiotics and 10% FBS. The HBE bronchus epithelial cell was grown in keratinocyte-serumfree medium with 0.05 mg/mL bovine pituitary extract, 5 ng/mL human recombinant EGF, 0.005 mg/mL insulin and supplemented with 500 ng/mL hydrocortisone. The NL20 bronchus epithelial cell was cultured in Ham's F12 medium with 2.7 g/L glucose, 1.5 g/L sodium bicarbonate, 2.0 mmol/L l-glutamine, 0.005 mg/mL insulin, 0.1 mmol/L nonessential amino acids, 0.001 mg/mL transferrin, 10 ng/ mL epidermal growth factor, 500 ng/mL hydrocortisone and supplemented with 4% FBS. The jetPEI (Qbiogene, Inc., Montreal, Canada) transfection reagent was used for transfection experiments. The cell lysate was extracted for Western blot analysis.
Immunoblotting
Nonidet P-40 buffer (50 mmol/L Tris-Cl, pH 8.0, 150 mmol/L NaCl, 0.5% Nonidet P-40, and protease inhibitor mixture) was used for protein extraction. After protein concentration, the denatured proteins (30 μg) were subject to sodium-dodecyl-sulfate-polyacrylamide gel electrophoresis and incubated with primary antibodies and an alkaline phosphatase (AP)-conjugated secondary antibody. Proteins were visualized by chemiluminescence (Amersham Biosciences, Piscataway, NJ).
MTS assay
The cells were counted and seeded (2 × 10 3 ) into 96-well plates and incubated with oxymatrine as indicated. Cell proliferation was assessed by MTS assay (Promega, Madison, WI) according to the manufacturer's protocol.
Anchorage-independent growth
The anchorage-independent growth assay was conducted as described previously [21] . Briefly, NSCLC cells were suspended (8000 cells/mL) in 1 mL of Eagle's basal medium containing 0.3% agar, 1% antibiotics, 10% FBS, and different concentrations of oxymatrine. The mixture was then overlaid into six-well plates containing a 0.6% agar base and different concentrations of oxymatrine. The cells were maintained in an incubator for 1-2 weeks, the colonies were counted using the Image-Pro Plus software program (Media Cybernetics, Silver Spring, MD).
Flow cytometry
Flow cytometry assay was performed as described previously [22] . Briefly, the cells were treated with oxymatrine and suspended at a concentration of 1 × 10 6 cells/mL. For apoptosis analysis, the cell suspension (300 μL) was incubated with 5 μL Annexin V and 3 μL propidium iodide in the dark for 10-15 min at room temperature, the apoptotic cells were quantified using a FACSort Flow Cytometer (BD, San Jose, CA). For cell cycle analysis, 
In vivo tumor growth
The in vivo animal study was approved by the Animal Ethics Committee of Central South University. HCC827 cells (1 × 10 6 /100 μL) was counted and suspended in RPMI-1640 medium, then the cell suspension was inoculated s.c. into the right flank of 5-week-old female athymic nude mice. When average tumor volume reached around 50 mm 3 , an i.p. injection of oxymatrine at a dose of 50 mg/kg was initiated and repeated every 3 days. The control group was administered vehicle. The tumor volume was recorded by Vernier caliper and calculated following the formula of A × B 2 × 0.5. A is the longest diameter of tumor, B is the shortest diameter and B 2 is B squared.
Immunohistochemical analysis of tumor tissue
Immunohistochemical (IHC) staining was performed as described previously [23] . Briefly, the slide was baked at 60°C for 2 h. After deparaffinization and rehydration, the slide was submerged into boiling sodium citrate buffer (10 mmol/L, pH 6.0) for 10 min, and incubated with 3% H 2 O 2 for 10 min at room temperature. 50% goat serum albumin in 1 × PBS was used for blocking. Then the slide was incubated with a primary antibody in a humidified chamber at 4°C overnight. The slide was washed with ice-cold PBS and hybridized with the secondary antibody for 1 h at room temperature. Hematoxylin was used for counterstaining. The intensity was viewed by Image-Pro PLUS (v.6) software programs.
Statistical analysis
The quantitative data were expressed as mean values ± SD of at least three independent experiments. Significant differences were determined by Student's t-test, P < 0.05 was considered statistical significance.
Results
Oxymatrine inhibits NSCLC cell growth
Oxymatrine (Fig. 1A , MW. 264.36) has shown antitumor activities against several types of human cancers. In order to identify the antitumor effect of oxymatrine on NSCLC, we first investigated whether oxymatrine exerts any cytotoxic effect on normal human lung cells. HBE, MRC-5, and NL20 cells were treated with oxymatrine, and cell viability was measured by MTS assay. The result showed that oxymatrine had no obvious inhibitory effect against these normal lung cells at concentrations ≤ 240 μmol/L (Fig. 1B) . We next detected the suppression effect of oxymatrine on cell proliferation in A549, H1975, and HCC827cells. MTS results indicated that higher concentration (≥60 μmol/L), or long-term (≥48 h) treatment with oxymatrine dramatically suppressed cell proliferation ( Fig. 2A) . We then examined the inhibitory efficiency of oxymatrine on anchorage-independent growth of these NSCLC cells. As we expected, oxymatrine could potently inhibit the colony formation of NSCLC cells even at 30 μmol/L. More importantly, oxymatrine almost blocked the anchorage-independent growth of these three NSCLC cells when the concentration reached at 120 μmol/L (Fig. 2B ). These results suggest that oxymatrine specifically suppresses the growth of NSCLC cells, but has no obvious cytotoxic effect on normal lung cells.
Oxymatrine suppresses the EGFR signaling pathway
EGFR signaling pathway plays a crucial role in lung tumorigenesis. We then determined whether oxymatrine had any effect on EGFR activation. We chose three NSCLC cell lines, including the A549, H1975, and HCC827 cells, which harbor the WT EGFR, L858R/T790M, and Exon 19 deletion mutations, respectively. Immunoblotting analysis indicated that the phosphorylation of EGFR was decreased in response to oxymatrine treatment in these three cell lines, which suggested that oxymatrine can effectively inhibit the activation of both WT and activating mutations of EGFR (Fig. 3A) . Moreover, we also found that the activation of EGFR downstream target genes, such as Akt and ERK1/2, were substantially suppressed after oxymatrine treatment (Fig. 3A) . Further study showed that oxymatrine treatment strikingly inhibited EGF-induced EGFR, Akt, and ERK1/2 activation in HCC827 cells ( Fig. 3B and C). These results suggest that oxymatrine suppresses the EGFR signaling pathway.
Oxymatrine induces G0/G1 cell cycle arrest and decreases cyclin D1
We next tested the effect of oxymatrine on cell cycle progression in HCC827 cells. After exposure to 60 or 120 μmol/L oxymatrine for 24 h, the cell proportion of G0/G1 phase were reached around 50% or 60% (Fig. 4A ) in HCC827 cells. Additionally, the cells in S phase were decreased from 50% to 40%. This result suggested the inhibition or delay in DNA replication/ synthesis and cell proliferation. The Western blotting data showed that oxymatrine dramatically decreased the expression of cyclin D1, but did not downregulate the protein levels of cyclin A and cyclin E. Moreover, the CDK inhibitors, including p21 and p27, were increased in oxymatrine-treated groups (Fig. 4B) . The Flow Cytometry results showed that oxymatrine did not markedly induce apoptosis even at the relatively higher concentration of 120 μmol/L (Fig. 4C) . These results indicate that oxymatrine-mediated HCC827 cell growth inhibition may partly dependent on G0/G1 cell cycle arrest.
Akt inhibition is required for oxymatrinemediated cell cycle arrest in HCC827 cells
Our results demonstrated that oxymatrine inhibited human NSCLC cells growth and EGFR signaling pathway activation. In order to further determine that oxymatrineinduced inhibition of cell cycle progression is dependent on the suppression of EGFR signaling pathway, we selectively inhibited EGFR, Akt, and ERK1/2 kinase activity via small-molecule inhibitors in HCC827 cells. Our results indicated that suppression of EGFR activation by oxymatrine and EGFR inhibitor, erlotinib, resulted in downregulation of cyclin D expression. Furthermore, the Akt inhibitor, LY294002, dramatically decreased cyclin D1 expression in HCC827 cells (Fig. 5A) . However, downregulation of ERK1/2 phosphorylation had no obvious effect on cyclin D1 expression (Fig. 5A) . We further found that overexpression of constitutively activated Akt1 (myrAkt1) rescued the cyclin D1 expression in oxymatrinetreated HCC827 cells (Fig. 5B) . Additionally, the flow cytometry data indicated that myr-Akt1 transfection rescued oxymatrine-induced cell cycle arrest in HCC827 cells, overexpression of myr-Akt1 increased the cell proportion of S phase (Fig. 5C ). Our data suggest that oxymatrineregulated G0/G1 cell cycle arrest is partly dependent on Akt activation modulation. 
Oxymatrine inhibits in vivo tumor growth
We further determined the antitumor effects of oxymatrine on NSCLC cells in a xenograft mouse model. HCC827 cells were transplanted into the right flank of 6-week-old female athymic nude mice. Oxymatrine (50 mg/kg per day) or vehicle treatment was initiated when the average tumor volume reached ≥50 mm 3 . Results indicated that the final average tumor volume of the vehicle-treated group was around 752.02 ± 146.76 mm 3 , whereas average tumor size of the oxymatrine-treated group was 479.92 ± 91.89 mm 3 (Fig. 6A and B) . The average tumor weights of the vehicle-treated group and oxymatrine-treated group were 0.77 ± 0.08 g and 0.47 ± 0.05 g, respectively (Fig. 6C) . During the treatment period, oxymatrine did not affect body weight of the mice (Fig. 6D) . IHC analysis showed that oxymatrine substantially inhibited the phosphorylation of EGFR in HCC827 xenograft tumors. Moreover, the protein level of Ki67 was decreased in oxymatrine-treated group (Fig. 6E) . Our results indicate that oxymatrine inhibits tumor growth in vivo. 
Discussion
Increased levels of EGFR gene expression are observed in human cancers. Previous studies have reported that EGFR was overexpressed in 62% of NSCLC cases, and its high expression is correlated with a poor prognosis [24, 25] . More importantly, EGFR mutations have been identified in approximately 10-30% of NSCLC [26] . The most common mutations are in-frame deletions of exon 19 and the L858R point mutation in exon 21, which result in hyperactivation of EGFR signaling pathway [27] . Since EGFR plays a crucial role in NSCLC, the EGFRtargeted therapeutics currently represents the best-studied example of oncogene addiction in human NSCLC. The tyrosine kinase inhibitors (EGFR-TKIs) of EGFR was designed, and this kind of small-molecule compounds reversibly or irreversibly bind to the ATP binding pocket of the mutated EGFR, thereby suppressing the phosphorylation of the EGFR signaling [28] [29] [30] .
Although the clinical application of tyrosine kinase inhibitors, including gefitinib and erlotinib, have shown a dramatic prolong survival in NSCLC patients with EGFR activating mutations, most patients eventually develop acquired resistance [31] . The emergence of a secondary mutation, T790M, accounts for one-half of acquired resistance to TKIs, whereas approximately 20% of the acquired resistance cases are associated with the activation of ErbB3/ PI3K/Akt signaling mediated by c-Met amplification [27, 32] . Thus, the second-generation TKIs, such as afatinib, and the 3 rd generation TKIs, including osimertinib, have been developed [7, 33, 34] . However, the TKI resistance in human NSCLC has increased clinically. More importantly, only the activating mutation harbored patients respond to TKI treatment [35] . Thus, further discover novel therapeutic targets or develop new chemicals are still an urgent demand for clinical NSCLC treatment.
In this study, we reported firstly that the natural compound, oxymatrine, exerts an antitumor effect on NSCLC via directly inhibits the EGFR signaling (Fig. 3) . The calculated IC50 (72 h) value of oxymatrine on A549, H1975, and HCC827 cells, which harbors the WT EGFR, L858R/T790M, and Exon 19 deletion mutated EGFR, was around 145 μmol/L, 98 μmol/L, and 82 μmol/L, respectively (data not shown). Our results indicated that oxymatrine is much more inhibition effective on Exon 19 deletion mutated EGFR and L858R/T790M mutated EGFR than WT EGFR. The MTS results demonstrated that oxymatrine had no obvious cytotoxicity on normal lung cells at concentrations ≤ 240 μmol/L, but markedly inhibited NSCLC at concentrations ≥ 60 μmol/L. Importantly, the in vivo data showed that the consumption of oxymatrine did not induce significant body weight loss occurred in the oxymatrine-treated group (Fig. 6) . These results suggested that oxymatrine inhibited NSCLC via targeting EGFR signaling but has no obvious cytotoxicity on normal cells. Recently, Liu et al. found that oxymatrine synergistically enhances the antitumor activity of oxaliplatin in colon carcinoma [36] and enhances the inhibitory effect of 5-fluorouracil on hepatocellular carcinoma in vitro and in vivo [15] . Thus, oxymatrine owns the potential to serve as a sensitizing agent for NSCLC treatment via combination with other drugs.
Deregulation of the cell cycle is one of the hallmarks of human cancer [37, 38] . Cyclin D1 plays a crucial role in the regulation of the cell cycle G1-S transition, and compelling evidences have demonstrated that cyclin D1 is frequently amplified and overexpressed in human NSCLS [39, 40] . Alterations of the pathways regulated by growth factors such as EGF, and by the ras oncogene product W. Li et al. Oxymatrine Inhibits EGFR Signaling may contribute to cyclin D1 expression [40] . Evidence from laboratory investigation discovered that inhibition of EGFR activity by TKIs dramatically suppressed the expression of cyclin D1 protein [41] [42] [43] in NSCLC. Here, we found that oxymatrine-mediated cyclin D1 downregulation was dependent on the suppression of EGFR-Akt signaling, exogenous overexpression of Myr-Akt rescued cyclin D1 expression in the oxymatrine-treated group (Figs. 4 and 5) . However, inhibition of ERK1/2 had no obvious effect on cyclin D1 expression (Fig. 5A) . Moreover, recent studies indicated that EGFR can translocate to the nucleus and act as a transcription factor or kinase in human cancers [44] [45] [46] . The anticancer treatment, such as radiation and EGFR-targeted therapy, or other stimuli, including ligand binding, substantially induced EGFR nuclear localization [46, 47] . The nuclear EGFR regulates gene expression, such as promotes cyclin D1 transcription [48, 49] . Although our results showed that oxymatrineinduced cyclin D1 downregulation was partly dependent on EGFR-Akt kinases activity, there is still a possibility that oxymatrine directly inhibited EGFR nuclear translocation and EGFR-mediated cyclin D1 transcription regulation.
Overall, our data implied that suppression of EGFR signaling pathway is involved in oxymatrine-induced tumor inhibition in NSCLC. We analyzed the suppression effect of oxymatrine against WT EGFR, exon 19 deletion and the L858R/T790M mutated EGFR in vitro. For the first time, we identified that decreases the activity of the EGFRAkt-cyclin D1 signaling pathway was one of the major underlying mechanisms for oxymatrine-induced cell cycle arrest in human NSCLC.
